Members of the MOAG/SERF protein family have been attributed a neuropathologic significance because of their ability to enhance the proteotoxic polymerization of amyloidogenic proteins such as alpha-Synuclein (aSyn). However, the cellular function remains unknown. Here, we identify SERF1a as an RNA-organizing protein i) with no structural homology to canonical RNA-binding proteins, ii) with an RNA-chaperoning activity which favours the incorporation of RNA into nucleoli and liquid-like artificial RNAorganelles, and iii) with a high degree of conformational disorder in the RNA-bound state. We demonstrate that this type of structural fuzziness determines an undifferentiated interaction of SERF1a with aSyn and RNA. Both molecules bind to one identical, positively charged site of SERF1a by an analogous electrostatic binding mode, with similar binding affinities, and without any observable disorder-to-order transition. The absence of primary or secondary structure discriminants results in SERF1a being unable to distinguish between nucleic acid and amyloidogenic protein, leading the pro-amyloid aSyn:SERF1a interaction to prevail under conditions of cellular stress. We suggest that structural fuzziness of SERF1a accounts for an adverse gain-of-interaction which favours toxic binding to aSyn at the expense of non-toxic RNA binding, therefore promoting a functionally distorted and pathogenic process. Our results provide a direct link between structural disorder, amyloid aggregation and the malfunctioning of RNA-associated cellular processes, three hallmarks of neurodegenerative diseases.
INTRODUCTION
The Modifier of Aggregation-4/Small EDRK-rich Factor (MOAG4/SERF) protein family has emerged as an age-associated potentiator of amyloid polymerization (1, 2) , a type of reaction typical for a series of prevalent and incurable neurodegenerative disorders including Parkinson's disease, Alzheimer's disease, Huntington's disease, and prion-related encephalopathies (3) . The pro-amyloid mechanism has been studied in detail especially for the human homologue SERF1a and the amyloidogenic representative alpha-Synuclein (aSyn) (4, 5) , an intrinsically disordered protein (IDP) implicated in synaptic vesicle fusion (6) . The interaction leads to a partial deprotection of amyloidogenic, aggregation-prone elements, and consequently to an increased propensity for amyloid polymerization. This process accelerates the generation of neuronal aSyn inclusions, a hallmark of synucleinopathies (7) .
We have previously shown that the interaction between aSyn and SERF1a takes place in the cytosol to form a weak, short-lived, and dynamic complex (4) . In their bound state, both proteins retain an unusually high degree of conformational disorder which is typical of random fuzzy complexes, i.e. of two IDPs interacting without stable folding (8) . This type of molecular recognition is in sharp contradiction to the traditional structure-function paradigm which states that polypeptides underlie a strict folding hierarchy for a precise biological process.
Although native structural disorder allows for conformational adaptation, it also accounts for polypeptide misfolding and functional derangements. Considering the proteotoxic character of the highly flexible aSyn:SERF1a complex ( 1), it sounds reasonable to suppose that this interaction does not reflect a physiological function of SERF1a. The real functional properties of SERF1a in the cell, however, are still unknown.
Here, we report that structural fuzziness of SERF1a accounts for one physiologic and one pathogenic interaction deriving from undifferentiated binding to two separate species of molecules. We show that SERF1a is a dynamic RNA-binding protein (RBP) without any apparent structural homology to canonical globular RNA binding domains. We found that under physiologic conditions, SERF1a accumulated in the nucleus and more diffusely in the cytosol. In the nucleus, SERF1a localized to RNA-processing structures, clustering preferentially with networks of splicing and ribosomal RBPs especially including the nucleolus. By means of its RNA-chaperoning activity, SERF1a was able to mediate RNA-RNA interactions, accelerating the annealing of single complementary RNA strands, and facilitating their incorporation into nucleoli and artificial mimics of membraneless RNAorganelles. However, under stress conditions, SERF1a was rapidly released from the nucleolus, favouring amyloidogenic, and thus toxic binding to aSyn in the cytosol. The dual interaction with RNA and aSyn derived from a fuzzy binding mode, which was characterized by i) full disorder in complex, irrespective of the binding partner, ii) same-site binding to a linear stretch of basic residues, iii) analogous electrostatic interactions, and iv) similar K Dvalues for both complexes. Thus, protein fuzziness determines the inability of SERF1a to discriminate between the physiologic (RNA) and the pathogenic (aSyn) binding partner, so that cellular localization only seems the discriminating principle for binding partner decisions. 6 
RESULTS

Nucleocytosolic distribution of SERF1a
To determine where and whether SERF1 is constitutively expressed, we performed an extensive analysis by immunofluorescence in readily available immortalised laboratory cell lines (HeLa ovarian carcinoma and SH-SY5Y neuroblastoma cells), primary tissue-derived cells (rat astrocytes in mixed glial preparations), and mouse brain sections (hippocampal neurons). SERF1a was present in the nucleus as well as in the cytosol (Fig. S1 ). In the cytosol, SERF1a was present either diffusely in HeLa, SH-SY5Y, or in single puncta in rat astrocytes. Intranuclear SERF1a was found in the nucleolus, Cajal bodies and nuclear gems Similarly to numerous nucleolar proteins (9), SERF1a was dynamically released from the nucleolus in response to established stressors of nucleolar homeostasis, such as heat, chemical/genetic transcriptional damage, and oxidative stress. A short time exposure of living cells to heat led to a redistribution of the SERF1a fluorescence signal from the nucleolus to the nucleoplasm and cytosol ( Fig. 1A ), suggesting a rapid transfer between these compartments. A similar effect was observable upon treatment with the generic oxidising SERF1a were generally not decreased in response to stressors ( Fig. S3 ), supporting a spatial rearrangement at protein level.
SERF1a is an RNA-binding protein
To understand the functional relevance of SERF1a in the nucleus, a SERF1a-directed pulldown assay was performed out of nuclear extracts from cells overexpressing an enhanced green fluorescent protein-SERF1a (eGFP-SERF1a) chimera as bait (Fig. S4 ). The pull-down fraction was clearly enriched in RNA-binding proteins (RBPs) clustering to two major functional categories, namely ribosomal synthesis and RNA splicing ( Fig. 2 and Table S1 ). This is in good correlation to the immunochemically determined localization of SERF1a in nucleoli (the sites of ribosome assembly), and in gems/Cajal bodies (the sites of spliceosome assembly). (Fig. S2 ). Accordingly, we found that SERF1a was able to influence i) splice site selection of an adenoviral minigene in living cells (see supplementary results "Cellular Due to the predominance of RBPs in pull-down fractions, we assumed the existence of a direct RNA:SERF1a interaction. This was supported by the protein's basic net charge (pI=10.44) typical of nucleic acid binding proteins ( Fig. 3A ). SERF1a is absent from current comprehensive RBP catalogues (10) , and similarity search algorithms failed to provide the existence of canonical RNA-binding domains. Interestingly, however, SERF1a shows low level homology to the RNA binding region of the splicing regulator matrin-3 (11, 12) .
Moreover, by aligning SERF1a, which is intrinsically disordered, against a peptide database composed of 289 low complexity, non-canonical RNA-binding clusters (10), 2 potential RNA-binding regions were predicted (amino acids 7-20, and 49-54 ( Fig. 3B) ). 8 To test for direct RNA binding, we used purified recombinant SERF1a and a deliberately chosen, readily available synthetic RNA oligomer (R21(-)) for an electrophoretic mobility shift assay (EMSA). The addition of R21(-) to SERF1a caused significant concentrationdependent electrophoretic band shifting ( Fig. 3C ), corroborating a direct SERF1a:RNA interaction. We established the binding affinity of the complex by fluorescence anisotropy and isothermal titration calorimetry (ITC). As shown in Figures elegans (42% identity) or YDL085C-A from S. cerevisiae (44% identity) ( Fig. S7 ), which suggests that RNA binding is evolutionary conserved. The functional relevance of the RNAbinding region was accentuated by a high charge sensitivity, as the replacement of one single 9 conserved charged residue, e.g. an arginine to glutamate substitution at position 17 (K17E) was sufficient to significantly alter the K D -value of the complex from approx. 4µM to >100 µM ( Fig. 3E ). Collectively, these findings clearly identify SERF1a as an RBP.
We used fluorescence-labelled recombinant SERF1a together with purified nuclei and nucleoli to test in vitro whether RNA binding was necessary for the spatial organization of SERF1a in the cell. Firstly, Atto647N-SERF1a, when directly applied to isolated nuclei, was able to diffuse passively into the nucleoplasm, readily accumulating inside nucleoli ( Fig. 4A ).
In contrast, the RNA binding-defective SERF1a point mutant Atto647N-K17E, while still able to diffuse into nuclei, was not enriched in nucleoli. Secondly, Atto647N-SERF1a clearly localized to isolated nucleoli ( 
SERF1a is an RNA-organizing protein
Structural disorder in RBPs has been associated with the ability to favour functionally correct base pairing (14) . With this respect, we tested SERF1a for a so-called RNA-chaperone activity in an in vitro based RNA-annealing fluorescence resonance energy transfer (FRET) assay (15). Trans-annealing of two complementary RNA 21mers, labelled with a FRET donor or acceptor dye respectively (cy5-R21(+) and cy3-R21(-)), leads to an increase of the FRET signal, which can be used to derive kinetic parameters of the reaction (15). Purified SERF1a remarkably improved RNA duplex formation ( Fig. 5A ), causing an increase of the annealing reaction constant K obs by one order of magnitude from 0.0056±0.00026 s -1 (lit. 0.005 s -1 (15)) to 0.062±0.0021 s 1 . A significantly minor increase in K obs (0.033±0.0015 s -1 ) was observed 1 0 for the RNA-binding defective SERF1a mutant K17E . These results identify SERF1a as being able of promoting RNA-RNA base pairing.
RNA-RNA interactions contribute to the structural organization of RNA-rich membraneless organelles (16) (17) (18) (19) (20) (21) . In vitro, basic physical properties of membraneless biological compartments can be mimicked by RNA-derived liquid droplets, which are useful artificial models for studying fluidity, fusion behaviour, and composition dynamics (18) (19) (20) (21) . We generated fluorescent RNA-based complex coacervates, which form by liquid-liquid demixing of oppositely charged polymers (21) , to analyse SERF1a-mediated RNA-RNA annealing at two phase regime, i.e. under conditions where RNA is present as a phase separated condensate (Fig. 5B ). The addition of polyarginine to Cy3-R21(-) led to a spontaneous formation of fluorescent liquid droplets with a diameter of approximatively 1 µm. Fluorescence signal co-localization by the addition of complementary Cy5-R21(+)/polyR droplets was an indication for strand annealing in the coacervate phase. In the presence of SERF1a, co-localization of Cy5-R21(+)/polyR and Cy3-R21(-) was increased, as deduced by a change from 0.604 to 0.699 in the Pearson correlation coefficient ( Fig. 5C ), which is one quantitative measure of co-localization (22) . Thus, the incorporation of complementary RNA into the coacervate was facilitated by the RNA-chaperone properties of SERF1a.
We assumed by conceptual analogy that SERF1a might chaperone the incorporation of RNA into nucleoli, as these organelles share physical properties of liquid droplets and are highly enriched in RNA (23, 24) . In a simplified approach, we directly added RNA to intact nuclei or to isolated nucleoli. The fluorescent probe Cy3-R21(-) was able to enter the nuclei by diffusion, randomly distributing inside the nucleoplasm (Fig. 5C ). Upon the simultaneous addition of purified SERF1a, we noticed local repartitioning of the fluorescence signal into non-random patterns suggestive of subnuclear compartments. The corresponding DIC images showed that prominent signals derived from nucleoli and less prominent subnuclear particles. 1 1 as a phase separated coacervate ( Fig. 5E ) in the absence of SERF1a, while becoming visibly enriched into nucleoli in the presence of SERF1a. We deduced that SERF1a favoured the nucleolar integration of RNA. Collectively, these results suggest an RNA-organizing role of SERF1a inside the nucleus.
RNA and aSyn interact with SERF1a by a similar binding mode
Next, we aimed to understand how SERF1a, which is a known modifier of amyloid protein aggregation (1, 2) , distinguishes between RNA and amyloidogenic protein partners such as aSyn, and consequently whether both processes can influence each other. We initially hypothesized the existence of two distinct binding regions for the separate recognition of RNA and amyloidogenic substrate. However, NMR-derived RNA:SERF1a and aSyn:SERF1a interaction data revealed a remarkable coincidence of the two binding interfaces. As shown by comparison in Fig. 6A , prominent 1 H, 15 N-HSQC NMR chemical shift perturbations caused by the addition of aSyn or 21R(-) to 15 N-labeled SERF1a invariably occurred within one positively charged, linear amino acid motif (approximatively residues 1-30) at the N-terminus of SERF1a (see also Fig 3B) . These findings contradict the existence of two distinct binding sites.
We hypothesized next that SERF1a might distinguish between RNA and aSyn by secondary structure. We analyzed if RNA induces stable folding of intrinsically disordered SERF1a as opposed to aSyn, which does not induce secondary structure upon binding (4). However, this hypothesis was disproved by (A) an invariably narrow 1 Collectively, these findings demonstrate that SERF1a is unable to distinguish between nucleic acid or protein binding by means of primary or secondary structure, which was reflected by comparable binding affinites of the aSyn:SERF1a and the RNA:SERF1a interaction (K Dvalues between 4-7 µM (2)). Consequently, we supposed that aSyn and RNA binding might interfere with each other. We thus established a FRET in vitro competition assay based on the addition of an unlabelled C-terminal aSyn peptide (aSynC) corresponding to the SERF1a binding site of aSyn (2, 4) , to a preformed Atto550-SERF1a:Cy5-R21(-) FRET donor:acceptor complex ( Fig. 6C ). By increasing the amounts of aSynC, we observed a concentrationdependent sigmoidal decrease of the energy transfer signal, indicating that an excess of aSyn could efficiently displace RNA from SERF1a (IC 50 = 840±64 nM), thereby disrupting FRET.
In line with this observation, the RNA-annealing efficiency of SERF1a gradually decreased by increasing aSyn concentrations ( Fig. 6D ). Because free aSyn did not bind RNA ( Fig. S9 ), neither did it directly influence RNA annealing ( Fig. 6D , control insert), we deduced that the FRET signal change derived from a direct competition of aSyn for SERF1a binding.
Due to this concurrent binding mode, we supposed that the local cellular abundance of the interacting partners might determine the prevalence of one particular interaction. Considering the toxic character of the purely cytosolic aSyn:SERF1a interaction, we investigated in particular the effects of increased cytosolic SERF1a levels upon nucleolar stress. Doubly transfected SH-SY5Y cells co-overexpressing eGFP-aSyn and mCherry-SERF1a were subjected to intoxication with rotenone, a suspected inducer of Parkinson's disease (28) which triggers a nearly quantitative transfer of SERF1a from the nucleus to the cytosol (Fig. 1C ).
The aSyn:SERF1a interaction is characterized by the time-dependent appearance of granular cytosolic bodies incorporating both proteins (4) . In untreated cells, this process became 1 4 
DISCUSSION
In this study, we identified SERF1a as a highly disordered RBP with no apparent structural homology to canonical RNA-binding elements. SERF1a was able to bind different types of RNA molecules, suggesting an unspecific binding mode which was reflected by a low substrate affinity, a generally unspecific RNA-chaperone activity, and clustering to multiple types of RNA-associated protein networks. SERF1a showed binding selectivity, as it distinguished single stranded from double stranded nucleic acids or chemically unrelated polyanions. A stable conformation was not required for selectivity, as the interaction occurred in the absence of folding, which is typically referred to as fuzzy binding (8) . Instead, RNA binding, function and spatial distribution of SERF1a was uniquely determined by a highly conserved primary structure charge composition, and minimal charge variation significantly decreased the affinity for RNA, disrupted nucleolar localization, and affected SERF1a function.
Our results demonstrate previously unreported same-site binding of a nucleic acid and a polypeptide to a fully disordered protein, accounting for an undifferentiated, highly disordered binding mechanism characterized by comparably weak binding affinities. Intrinsic structural disorder is a regulatory feature of RBPs, as systematically shown by the existence of hundreds of structureless RNA binding motifs counterposed to traditional globular RNA-binding domains (28) (29) (30) . However, conformational flexibility in protein complexes also increases the risk of misfolding. We suppose that structural fuzziness of SERF1a, while of advantage for promiscuous RNA interactions, increases the tendency of binding malfunctions. Indeed, it was previously shown that SERF1a is also responsible for the amyloidogenic rearrangement and toxic aggregation of aSyn in consequence to a fully disordered interaction (2, 4) . The indiscriminate binding of aSyn and RNA to SERF1a via one binding site points to an 1 5 interference which favours the conversion of SERF1a from an RNA-organizing protein into a neurotoxic pro-amyloid factor, with cellular localization as the sole discriminating principle of binding partner decisions. This is intriguing, considering that a) RNA pathways are frequently compromised in neurodegenerative disorders (31,32,33), and b) several RBPs enriched by SERF1a pull-down capture are capable of amyloid polymerization (34) . Due to similar K D -values of both complexes, it is reasonable to suppose that, in the cell, one complex can prevail depending on the local abundance of RNA, aSyn and/or SERF1a levels. Under non-stress conditions, SERF1a resides predominantly in the nucleolus, which is highly enriched in RNA (up to 40 mg/ml) (35) . Although mutant aSyn can be expressed in the nucleolus in transgenic mice (36) , wild type aSyn is typically absent from the nucleolus, which prevents competition with RNA. Our results show that the stress-induced expulsion of SERF1a into the cytosol favours binding to aSyn, an interaction which might be forced by persistent nucleolar stress. The interaction with aSyn might be further facilitated by cytosolic RNA levels which are well below those of the nucleus (37) . Finally, this interaction might be forced by a pathogenic excess in aSyn levels, e.g. by PD-associated SNCA gene number variation (38) or by a defective homeostasis (39). As a general consequence, SERF1aassociated RNA pathways might deteriorate in favour of an amyloidogenic gain-ofinteraction. 
Mutagenesis
The eGFP-K17E construct for the mammalian expression of the SERF1a single-point mutant eGFP-K17E was generated by site-directed mutagenesis according to the QuickChange II mutagenesis kit manual (Agilent, Santa Clara, CA), using pEGFP/SERF1a (Tab. S3) as a mutagenesis template.
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Protein purification
The production of unlabeled and isotope labeled SERF1a, K17E, and aSyn has been described previously (2, 4) . 
Induction of nucleolar stress
For living cell fluorescence microscopy, undifferentiated SH-SY5Y cells were grown and transfected with mCherry-SERF1a as described in the section "Living cell microscopy". One day after transfection, cells were exposed to heat (42°C for 10 min.), rotenone (200 nM for 12 h), or actinomycin D (2µM for 3 h). For co-localization with aSyn, cells were co-transfected with mCherry-SERF1a and eGFP-aSyn. One day after transfection, cells were treated with 1 8 For IF microscopy, undifferentiated SH-SY5Y cells growing on SuperFrost slides were treated with H 2 O 2 (500 µM for 30 min.) or MPTP (Axon Medchem, Groningen, The Netherlands) (100 µM for 12 h). Cells were further processed as described in the section below.
Mouse treatment by tamoxifen
Homozygous TIF-IA flox/flox ; CaMKCreERT2 (TIF-IA CaMKCreERT2 ) mutant mice were generated were both injected intraperitoneally with 1 mg tamoxifen twice a day for five consecutive days and were analyzed 4 weeks after the last injection as previously described (41) .
Immunofluorescence (IF) staining
Mouse brain isolation and IF staining of brain sections was performed as previously described (4) . In brief, studies were carried out on 4% PFA fixed, paraffin embedded 10 days old C57BL/6 mouse brains. Polyclonal goat anti-human SERF1a (K-13) IgG and donkey antigoat FITC (green) were used. Nuclei were counterstained with DAPI (Life Technologies/Thermo Fisher Scientific, Waltham, MA). Images were acquired on a Leica DM4000 B microscope equipped with Leica DFC 320 Video camera (Leica Cambridge Ltd).
Rat astrocytes were cultured as described previously (42) . Primary cultures of glial cells were prepared from the brains of 2-day-old Wistar rats. After transfer of single cell suspension to culture flasks (1 brain/75 cm 2 ) cells were cultivated for 6-8 days in DMEM supple-mented with 10% heat-inactivated fetal calf serum (FCS), 50 U/ml penicillin, and 50mg/ml streptomycin.Astrocytes were trypsinized from culture vessels and reseeded on 10 cm culture 
Histological analysis of hippocampal mouse tissue
Wild type and TIF-IA CaMKCreERT2 mutant mice were sacrificed by cervical dislocation and brains were immediately dissected. For immunohistochemistry, one brain hemisphere was PBS and prepared for further processing (Fig. S10 ). 
Isolation of nuclei and nucleoli, and localization analysis
Nuclei were purified using the Active Motif Nuclear Complex Co-IP Kit (Active Motif, Carlsbad, CA) as described in the manufacturer's manual (www.activemotif.com/catalog/25/nuclear-complex-co-ip-kit). Briefly, 5·10 6 SH-SY5Y cells were resuspended in hypotonic buffer, incubated for 15 min. on ice, and lysed by the addition of 1% kit detergent. Nuclei were collected by centrifugation for 30 sec. at 14,000g, washed twice in PBS, resuspended in PBS, snap frozen into aliquots and stored at -80°C, or used directly for further processing.
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For nucleolar isolation, freshly purified nuclei were treated according to Hacot et al. (43) . In brief, purified nuclei were resuspended in nucleolar buffer (10 mM Tris, 10 mM NaCl, 2 mM 
eGFP-directed nuclear pull-down, MS analysis, functional classification and clustering
HeLa cells from three nearly confluent 75 cm 2 flasks (Greiner Bio-One, Kremsmünster, Austria) overexpressing eGFP-SERF1a (Fig. S4B ) were washed once with PBS, and combined after tryptic digestion. All further steps were performed on ice or at 4°C. The pellet was washed twice with PBS, and nuclei were isolated as descried for SH-SY5Y cells in the section above. Freshly isolated nuclei were used to prepare nuclear extracts by enzymatic Proteins were classified with respect to their molecular and biological function using the
PANTHER classification system (version 14.1) (45). A Fisher overrepresentation test with
Bonferroni correction was applied using default setup values.
Network clustering was performed by the STRING algorithm (version 11.0) (46) using experiments and databases as active interaction sources, and a minimum required interaction cut-off of 0.7 (high confidence).
Sequence alignment
The SERF1a amino acid sequence was locally aligned with the EMBOSS Water alignment tools (47) against a collection of 289 non-canonical RNA binding motifs (branches) retrieved 2 4 from the RBDmap database (10) . Each branch with an identity of ≥ 6 residues was selected for further manual alignment. Chip-based capillary electrophoresis with the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA) and the proportional amount of each fragment to the whole yield of splicing products was calculated. One-way ANOVA F-tests were performed using R version 2.9.1 for comparing levels of spliced isoforms. 2 5 Electrophoretic mobility shift assay 100 µM SERF1a was incubated with increasing amounts of R21(-) and samples were run on a 8% native-PAGE gels (Tris·HCl, pH 7.6). Due to net charge inversion of the SERF1a:RNA complex, one gel was run with inverted electrodes. Bands were visualized by Coomassie blue staining.
Fluorescence anisotropy titrations
The 
where I VV is the fluorescence intensity recorded with excitation and emission polarizers in vertical positions, and I VH is the fluorescence intensity recorded with the emission polarizer aligned in a horizontal position. The G factor is the ratio of the sensitivities of the detection system for vertically and horizontally polarized light G=I HV /I HH .
Binding curves were measured at low ionic strength (50 mM NaCl) to improve saturation.
Cy3-R21(-) was titrated against increasing amounts of wtSERF1a, K17E, YDL085C-A, or MOAG-4 dialyzed against the same buffer. Atto550-labeled SERF11a was titrated against unlabeled R21(-), an analogous dsDNA 21-mer, heparin from porcine intestinal mucosa (MW mean = 5,000 g/mol), tRNA from S. cerevisiae (type X-SA, MW ~ 25,000 g/mol;
BioNumbers BNID 101177 (48)), or total RNA from S. cerevisiae (MW ~ 1 0 6 g/mol by 2 6 roughly approximating the composition of total RNA to 100% rRNA; BioNumbers BNID 105192 (49)). For each point, the anisotropy was recorded over 30 sec. and the mean r values for each measurement were used. Anisotropy changes were fitted by using the Levenberg-Marquardt algorithm to the equation (2) ]
where r is the observed anisotropy, Δ r max is the maximal anisotropy change, and K D is the dissociation constant. F indicates the fluorescence labelled binding partner, L is the ligand used for titrations.
Isothermal titration calorimetry
Titrations were performed in 50 mM bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methan between the injections, for a total of 20 injections. OriginLab software (Microcal) was used to fit the raw data to a 1∶1 binding model.
RNA duplex annealing assay
The assay was performed as described by Rajkowitsch et al. (15) , except for using a quartz cuvette instead of microplates. In brief, the complementary fluorophore-tagged RNA 21mers
Cy5-21R(+) and Cy3-21R(-) were annealed at 37°C in 50 mM Tris·HCl (pH 7.5), 3 mM Santa Clara, CA, USA) with 10 nm excitation and emission slit widths. Emission was measured at 570 nm and 670 nm, respectively, upon donor excitation at 550 nm. The FRET efficiency E FRET was calculated using the equation
where F DA and F D are the fluorescence intensities of the donor in the presence and in the absence of the acceptor, respectively.
The reaction constant K obs was calculated by the equation (15) E FRET = A(1 − 1/(K obs t + 1)) (
Where K obs is the observed annealing reaction constant, and A is the maximum reaction amplitude. Complex coacervates were freshly prepared before each experiment.
Generation
For RNA duplex annealing under two-phase conditions, equal volumes of a Cy3-21R(-)/polyR and a Cy5-21R(+)/polyR complex coacervate preparation were mixed and incubated on a borosilicate coverslip for 5 min in the absence and in the presence of 10µM SERF1a.
Fluorescence images were recorded at room temperature under a Zeiss Observer Z1 inverted microscope equipped with appropriate fluorescent filter sets (Cy3: ex/em 549/562 nm; Cy5: 2 8 ex/em 646/664 nm). Co-localization analysis was performed on three independent samples with ImageJ and the Colocalization Threshold plugin to obtain the Pearson correlation coefficient for each sample.
To study the incorporation of RNA-derived liquid droplets into nucleoli, 1 µl of isolated nucleoli was added to 9 µl Cy5-21R(+)/polyR complex coacervates and incubated for 5' in the absence (-) or in the presence (+) of 10 µM SERF1a. Fluorescence images of each sample were recorded at room temperature under a Zeiss Observer Z1 inverted microscope. Nucleoli were counterstained with Sybr Green II RNA dye (ex/em filter 495/517 nm).
NMR spectroscopy
NMR measurements were carried out at 280K on a Bruker Avance III 700-MHz spectrometer Backbone resonance assignment of SERF1a was performed as previously described (4).
Spectra were processed using NMRPipe (50) 
